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Abstract
Legislation for heavy duty combustion engines are becoming more stringent. To keep
up with the legislation, new engine technology is required. Furthermore, renewable
fuels can also be used together with new engine technology to further reduce emissions.

Computational techniques such as Computational Fluid Dynamics (CFD) provides
a powerful and cost effective alternative/complement to traditional engine tests when
developing new engine technology. To effectively use CFD for engine development,
accurate models for spray formation and chemistry are required. In this work
a new direct-injection dual-liquid-fuel engine concept using methanol and diesel
was investigated using CFD. The first part of this thesis involved validation and
development of our in-house spray model, VSB2. The VSB2 is a Eulerian-Lagrangian
model with a minimal amount of tuning parameter. It models the impact of secondary
breakup by including a distribution of droplet sizes inside each computational blob.
The model was first validated for use with alcohol fuels, where the turbulence
parameters were also tuned together with experimental data for later use in engine
simulations. It was shown that the VSB2 spray model could accurately predict the
spray formation of an alcohol spray.

Furthermore, the spray model was developed further by implementing a new
break up treatment that addressed some conceptual flaws in how the model handles
the momentum of a computational blob with different droplet sizes. Previously,
each computational blob contained the momentum of all droplet sizes, which had
the consequence that smaller droplets would have the same momentum as larger
droplets. This was addressed by creating child blobs from the stable droplet sizes. It
was shown that this had the effect of enhancing the evaporation and dispersion at
lower ambient gas temperatures.

The last part of this thesis was to create a CFD model in OpenFOAM that
could model a direct-injection dual-liquid-fuel engine. A tabulated chemistry solver
based on the well stirred reactor approach called LOGE-CPV was used to model the
chemistry. It was shown that the model could accurately predict global parameters
such as in cylinder pressure and rate of heat release of the system, but pollutant
formation was predicted poorly when compared to experiments. It was concluded
that a turbulent combustion model would be needed to accurately predict pollutant
formation. The ignition process was also studied, showing that the pilot diesel
could easily ignite the methanol as long as the pilot flame would reach the center
of the combustion chamber. It was also shown that further offsetting the pilot
injector caused the combustion to become unstable as it was difficult to ignite all
the sprays from the main injector. Keywords: CFD, Dual-Fuel Combustion,
Spray Modeling, Renewable Fuels
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Introductory chapters





Chapter 1

Introduction

1.1 Motivation & Background
The world is ever evolving, and global demands for the transportation of goods is
increasing due to a growing world economy and population. The transportation of
goods can typically be divided into three types

1. Road Freight

2. Rail Freight

3. Maritime Freight

Road freight is the most flexible of the above-listed modes of transportation since it
does not require a rail network or ocean shipping lanes to be available. However, it
is also the least energy efficient. Road freight transport only accounts for 20 % of
the global transport kilometers but consumes more than 70 % of the energy used
in freight transportation [39]. The European Commission estimated in the 2016
reference scenario that demand for the transportation of goods by road freight would
increase by 57 % by 2050 [6]. Increased demand for transportation with conventional
trucks will inevitably lead to increased greenhouse gas (GHG) emissions. Many of
the world’s countries have agreed to the Paris Climate Agreement, which aims to
limit global warming to below 2 °C by reducing CO2 emissions [61]. However, global
CO2 emissions from trucks steadily increased between 2000 and 2018 according to
data from the International Energy Agency (IEA) (Figure 1.1) [18]. To adhere to the
Paris Agreement, CO2 emissions should be decreased according to the “Sustainable
Development Scenario” (SDS) presented by the IEA [19]. Adherence to the SDS is
represented by the projected data between 2018-2030 in Figure 1.1.

GHG emissions are not the only issue arising from increased demands for road
freight transportation. Due to the superior efficiency of diesel engines, almost all
trucks are fueled by diesel. This gives rise to local, harmful emissions, such as
NOx, carbon monoxide (CO), unburned hydrocarbons (HC) and soot. It has been
shown that increased concentrations of pollutants in the air correlate with increased
mortality and hospitalization [23].

3
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Figure 1.1: Globally measured CO2 from light and heavy trucks. Data after 2018
is a projection based on SDS. [18]

Clearly, there is a need for a reduction in both GHG and harmful emissions to reach
the targets of the Paris Agreement. However, this is likely to be difficult if the current
trend of increasing demands for transportation and energy continues. To achieve
lower emissions while keeping up with the increased demand for transportation, new
technology is required that increases the efficiency of transportation with respect
to GHG emissions. Large-scale problems such as global warming are excellent
drivers for the development of new technology. During the last few decades, the
efficiency of diesel engines has been improved greatly, and in combination with
exhaust aftertreatment, emissions have been greatly reduced. However, to reach
the current targets, even further development is required, such as the introduction
of renewable fuels in combination with new engine technology. Alcohol fuels that
are produced from renewable sources offers an attractive alternative to the fossil
based fuels that are commonly used today. Especially if a well-to-wheel approach is
considered. Investigations with alcohol fuels such as methanol and ethanol have yield
promising results with high efficiencies and low soot emissions due to the oxygen
present in the fuel molecule. An issue with methanol an ethanol are that they can
be difficult to compression ignite due to a low cetane number. In a situation where a
fuel is difficult to ignite, but have other attractive properties, dual-fuel combustion
is an alternative. Such a combustion system allows for the introduction of a small
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amount of easily ignitable fuel to help ignite the main fuel.

1.2 Research Questions and Objectives
In the work upon which this thesis is based, a direct-injection dual-fuel engine
configuration was studied using computational fluid dynamics (CFD). CFD has
emerged in recent years as a powerful tool to develop new engine technologies. It
can be a cost- and time-effective complement to engine testing and can provide
detailed information to engine researchers that is not obtainable by conventional
engine testing.

The engine studied in this work used methanol as a main fuel and diesel as a
pilot. Both fuels were directly injected into the engine. The combustion strategy
of the engine was similar to that of a conventional diesel engine with a late fuel
injection close to top dead center (TDC).

The overall aim of this project was to investigate and demonstrate technical
solutions that can be applied to a future fuel flexible powertrain solution. The main
goals of the project can be summarized as follows:

• Achieve a higher efficiency than a conventional Diesel engine, i.e., greater than
48 %.

• Achieve a reduction of GHG emissions by 90 % or more by using renewable
fuels in a well-to wheel approach.

• Satisfy the EURO VI emissions legislation with minimal fuel penalty caused
by exhaust gas recirculation (EGR).

To study this system, both CFD simulations and single-cylinder experiments were
conducted, with the CFD studies being the focus of this thesis. To study a direct
injection engine, it is important that spray formation is accurately predicted. The
first part of this work was to study and validate the use of a previously developed
in-house spray model (VSB2) for use with an ethanol spray. This was carried out
by simulating an ethanol spray in the Chalmers high-pressure/high-temperature
spray chamber under diesel-engine-like conditions and comparing the predicted spray
penetration with experimentally measured values. The results of the spray study
were used to tune the turbulence parameters used for all further studies with alcohol
sprays. The second part of this work was to extend the VSB2 spray models breakup
formulation to better account for the formation of stripped off droplets. To validate
the new breakup treatment, the new and old breakup treatments were compared
with experimental data from the Engine Combustion Network (ECN). The final part
of this work consisted of using the validated and improved spray model to create
a CFD model of a direct-injection dual-fuel engine. The simulated pressure, heat
release and emissions were then compared with experiments. The objectives of the
work described in this thesis can be summarized in the following research questions:

• What is the influence of creating new child parcels from the stable
droplets in the VSB2 spray model? Previously, the VSB2 model has



6 1.3. Organization of this Thesis

modeled the impact of secondary breakup by defining a distribution function
describing the distribution of droplet sizes inside each computational blob. A
downside of this approach is that droplets of all sizes in a computational blob
will travel with the same momentum. A more accurate approach would be to
create new child blobs for the stable droplet.

• Is it possible to model the formation of an alcohol spray using the
VSB2 spray model without any conceptual changes to the model?
The VSB2 model has previously been designed and validated for diesel sprays
using a high pressure injection. Lower alcohol fuels are typically used in light
duty, spark ignited engines with a lower injection pressure. Therefore, it would
be of interest to investigate how predictive the model is for an alcohol spray.

• What does the combustion process look like inside a direct-injection
dual-fuel engine? A direct-injection dual- fuel engine with liquid fuels is a
novel concept and the combustion process should be studied

• Can we model the combustion process inside a direct-injection dual-
fuel engine using a simplified model that does not account for turbulence-
chemistry interactions? Many established models for non-premixed tur-
bulent combustion are unsuitable for dual-fuel combustion. For this reason,
the well stirred reactor (WSR) approach was chosen for this work. However,
the approach needs to be validated by comparing with experimental data.

1.3 Organization of this Thesis
This thesis is organized into seven different chapters, which are summarized below:

• Chapter 1 explains the motivation for this work and the objectives.

• Chapter 2 contains a literature review of the subjects relevant to this study,
i.e., sprays, combustion modeling and engine technologies

• Chapter 3 presents the approach used to model the gas phase.

• Chapter 4 presents the VSB2 spray model that was used to model the liquid
phase.

• Chapter 5 Summarizes the main results and findings.

• Chapter 6 Presents conclusions and suggestions for further studies.



Chapter 2

Engine, Spray and Turbulent
Combustion Fundamentals

2.1 Compression Ignited Engines
Compression ignited (CI) conventional diesel engines make up the vast majority of
trucks used for road transportation. Conventional diesel engines have long suffered
from the well-known “diesel dilemma”, also known as the soot-NOx trade-off. Soot
tends to form in fuel-rich areas that are present due to the nature of the non-premixed
combustion occurring inside diesel engines [11]. At low equivalence ratios close to 1,
the temperatures tend to be higher, resulting in higher NOx according to the well-
known Zeldovich mechanism [65]. New technologies for CI engines are attempting to
address the soot-NOx trade-off by lowering the combustion temperature to achieve
low temperature combustion (LTC), using alternative fuels or a combination of both
approaches.

2.1.1 Dual Fuel Combustion
Dual-fuel combustion is a term applied to a combustion process where instead of one
fuel, two fuels are burned inside the combustion chamber. A dual-fuel system can be
used to construct advanced combustion modes, where one fuel is used to compensate
for the poor reactivity of another fuel that may otherwise have desirable properties.
Several dual-fuel combustion systems have been proposed in the literature. For
example, a port-fuel injected system with reactivity controlled compression ignition
(RCCI) has been proposed by Kokjohn et al. [27]. In RCCI, the combustion is
optimized by controlling the reactivity of the combusting mixture. The main fuel is
port injected and is allowed to mix with the incoming air. The reactivity is controlled
by directly injecting diesel into the combustion chamber in an appropriate way for
the desired speed/load point until the mixture auto-ignites. RCCI has been shown
to allow increased control compared to other early injection CI systems, such as
HCCI [52]. Another technique for dual-fuel combustion is direct-injection dual-fuel
combustion. This refers to direct injection of both high and low cetane number fuels
into the cylinder. This is the type of system studied in the present work, and only a

7
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few studies have so far examined this strategy. A concept similar to the one used
in this work was studied by Ullman et al. [60] who utilized methanol as the main
fuel and diesel as the pilot with promising results. A more recent numerical study
was conducted by Giramondi et al. [15] on an ethanol-diesel system. They showed
that ethanol auto-ignited at high loads with a high degree of premixture and that it
was necessary to advance the start of injection of the diesel pilot to achieve diffusive
combustion.

2.2 Sprays
A spray can be described as a collection of many liquid droplets dispersed in a gas. It
is an important process in many industrial applications, such as manufacturing, food,
power and especially the automotive industry in the form of fuel sprays. Typically,
fuel is injected either directly into the cylinder or in the intake port. This section
describes the fundamentals of spray formation and reviews commonly used approaches
to model sprays.

2.2.1 Spray Formation and Break up
When a liquid is injected at a high velocity relative to its surroundings, a jet will
form and start to break up. This process is commonly referred to as primary breakup.
In primary breakup, four different regimes are usually identified depending on the
Ohnesorge and liquid Weber numbers: the Rayleigh regime, the first and second
wind regimes and the atomization regime[1]. For high pressure injections such as
in diesel engines, the atomization regime is the most relevant. Figure 2.1 shows a
schematic overview of typical spray breakup in the atomization regime. The primary
breakup causes the liquid jet to split up into ligaments almost immediately, and a
small conically shaped liquid core is retained close to the nozzle. The physics of
primary breakup are difficult to study under engine-like conditions due to the high
optical densities and high velocities in the near nozzle region. Several studies have
evaluated different experimental techniques[10, 33, 32], but the primary breakup
process is still poorly understood.

Due to the large drag forces created by the high relative velocity, the spray will
break up further into small droplets. This is referred to as secondary breakup. In
secondary breakup, several regimes can be identified based on the gas-phase Weber
number:

Weg = ρgu
2
Reld

σ
(2.1)

where ρg is the gas density, urel is the relative velocity, d is the droplet diameter
before breakup and σ is the surface tension. The Weber number describes the ratio of
drag forces to surface forces acting on a droplet. If the drag forces are large relative
to the surface tension, the droplets tend to break up into small more stable droplets.
In an engine, these small droplets tend to evaporate quickly due to the high ambient
temperature.
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Primary Breakup Regime Secondary Breakup Regime

Figure 2.1: Schematic overview of the spray breakup process.

2.2.2 Modeling of Sprays
The spray formation governs the mixing inside an engine. Thus, for accurate modeling,
prediction of the spray formation is very important. A spray is also an example of a
multi-phase system, where the spray droplets are considered the dispersed phase and
the surrounding gas considered as the continuous phase. Several approaches have
been proposed to model multi-phase systems in CFD. Commonly, they are classed as
either interface resolving methods or non-interface resolving methods. The volume of
fluid method is one of the most common interface tracking methods implemented in
commercial CFD codes. It was first proposed by Hirt and Nichols [16] and involves
tracking the interface between the continuous and dispersed phase. The volume
fraction α is defined as α = 0 for a pure continuous phase and α = 0 for a pure
dispersed phase. A value between 0 and 1 indicates that there is an interface. To
track the interface, a transport equation for α is formulated:

∂α

∂t
+∇ · uα = Sα (2.2)

Note that while this approach can yield a very accurate prediction of a gas-liquid
multi-phase system, the method may be unsuitable for dense sprays due to the
computational requirements. In particular, the computational grid has to be fine
enough to capture the interface for many small droplets. For engine simulations, the
volume of fluid method has often been applied to the in-nozzle flow of an injector [54,
41]. The results of the in-nozzle simulation can then be used as a size distribution
for an in-cylinder simulation to account for primary breakup. Another approach to
multi-phase flow is the two-fluid approach originally proposed by Ishii and Mishima
[20]. The two-fluid model is a Eulerian-Eulerian type model where both phases are
treated in an Eulerian frame of reference. Both phases are regarded as a continuum
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described by the Navier-Stokes equation. The model does not resolve any interface
between phases but instead calculates the volume fraction of each phase inside a grid
cell. Coupling between the phases is achieved using source terms. This approach has
been successfully applied to model diesel sprays[21].

The most common approach to model sprays in engines is the Eulerian-Lagrangian
approach. In this approach, the continuous phase is governed by the Navier-Stokes
equation and the dispersed phase is treated in a Lagrangian frame of reference as
particles governed by Newtonian mechanics. Each particle represents a collection of
droplets, and submodels are applied on each particle to account for physical processes,
such as primary and secondary breakup, evaporation and heat transfer. Primary
breakup governs the initial particle sizes in the Eulerian-Lagrangian approach. For
high pressure sprays in the atomization regime, Reitz and Diwakar [51] proposed that
the near nozzle breakup and atomization are indistinguishable processes. Therefore,
a detailed primary breakup model can be replaced by a simple “blob injection”
method, where the injected particles have the same diameter as the injector nozzle.
This will form large particles in the area around the nozzle, mimicking the formation
of a liquid core that is typically seen for sprays in the atomization regime. Secondary
breakup is normally treated in more detailed engine simulations. Several models
based on physical phenomena are available, such as the Taylor-analogy-breakup
(TAB) model proposed by O’Rourke and Amsden [40]. This model is based on
the Taylor analogy between oscillating and distorting droplets and a spring mass
system. Other physical models include the Kelvin-Helmholtz model proposed by
Reitz [50], also known as the WAVE model. This model is based on an analysis of
the well-known Kelvin-Helmholtz instability and assumes that the time of breakup
is related to the fastest growing Kelvin-Helmholtz instability. The wavelength and
growth rate of the instability can be used to predict details of newly formed droplets.
The Kelvin-Helmholtz model is often used together with the Rayleigh-Taylor model
to improve breakup prediction close to the nozzle [1]. The breakup rate correlation
proposed by Pilch and Erdman [44] is an example of a phenomenological model
proposed by fitting data to experiments. This model is discussed further in Chapter
4. The Eulerian-Lagrangian approach has been successfully applied by many authors
to model spray formation and combustion [42, 17, 36, 25, 22, 2, 48].

2.3 Combustion
Combustion is a chemical process where fuel reacts with an oxidizer, typically oxygen.
Combustion products are formed and energy is released. An example of a combustion
reaction equation for a general hydrocarbon fuel F is

F + aO2 −→ bCO2 + cH2O

Combustion is an example of an exothermic process, where chemical energy stored
in the fuel is converted into heat. This heat can then be converted into useful
work in a combustion engine. Combustion engines can be divided based on two
different modes: premixed and non-premixed combustion. Intermediate modes, such
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as partially premixed combustion, are also possible. Premixed combustion refers to
a mode where the fuel and oxidizer are completely mixed before ignition, whereas
non-premixed combustion, also known as diffusion-controlled combustion, refers to a
mode where the fuel and oxidizer are separated and the combustion rate is controlled
by the mixing of fuel and oxidizer. The scope of this thesis is limited to non-premixed
combustion.

2.3.1 Turbulent Combustion

Many models have been proposed in the literature to model turbulent non-premixed
combustion together with finite rate chemistry. Turbulent non-premixed flames are
characterized by a thin reaction zone where a stoichiometric mixture is present.
Turbulence affects the reaction zone by wrinkling it. The main challenge in mod-
eling turbulent combustion in CFD is to include the effect of turbulence-chemistry
interactions on the flame without resolving the turbulent fluctuations in the flame.
The simplest approach is to directly compute the chemical source terms based on
resolved mean values of species and temperature. This is commonly referred to as
the well stirred reactor model (WSR). This approach completely ignores the effects of
turbulence chemistry interactions but is commonly used for combustion simulations
due to its simplicity and flexibility with respect to the chemical mechanism and
composition of the fuel [55, 7, 64].

The partially stirred reactor model (PaSR) was proposed by Chomiak [4] as an
extension of the WSR concept where each computational cell is split into two parts:
one part where the reaction takes place and another part where only mixing occurs.
The model was used to study flame lift-off in diesel sprays by Chomiak and Karlsson
[5], and their results showed good agreement with theoretical data. D’Errico et al.
[8] used the PaSR model to study combustion inside an optical engine. They showed
that the model over-predicted the ignition delay compared to experiments.

A more common approach to model turbulent combustion under non-premixed
conditions is the flamelet approach developed by Peters [43]. The steady flamelet
model allows for decoupling of the chemistry and flow field, and the chemistry only
needs to be solved in the mixture fraction space. A parameter known as the scalar
dissipation rate is used to couple the flow to the chemistry. Since the chemical
calculations are completely decoupled from the flow, they can be performed in
a pre-processing step and stored in a library, which eliminates the need to solve
transport equations and chemistry on-line, speeding up the calculations. To calculate
the mean values, it is necessary to know the probability density function (PDF)
of the mixture fraction. In the flamelet approach, it is commonly assumed that
turbulent fluctuations follow a β distribution. The flamelet concept has also been
used in a transient way, where the flamelet equations are solved online for better
prediction of slow processes, such as NOx formation [45]. D’Errico et al. [9] compared
an unsteady flamelet model with the WSR approach. It was concluded that the
flamelet model was better than the WSR approach for cases where the combustion
is mixing controlled, such as conventional diesel combustion A limiting factor of the
flamelet approach is that it is difficult to model more than one fuel.
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Several models have been proposed in the literature that are mode and regime
independent. One example is the transported PDF model proposed by Pope [46]. It
has been successfully used to model turbulent combustion in spray bombs [2] and a
heavy duty diesel engine [48]. The importance of accounting for turbulence-chemistry
interactions for the accurate prediction of global parameters, such as the pressure
and rate of heat release, and emissions was demonstrated. The transported PDF
method is very computationally expensive and is best suited when a simple chemical
mechanism with few species can be used. The linear eddy model (LEM) proposed
by Kerstein Kerstein [26] is an example of a regime independent model that resolves
the turbulent advection on a one-dimensional line, where a “triplet map” is used
to emulate the effect of turbulent eddies on a one-dimensional line. The LEM has
been used both as a subgrid model for large eddy simulations [57] and in RANS
simulations [30].

Taken together, these studies illustrate the importance of properly including
turbulence-chemistry interactions when modeling non-premixed combustion in CFD.
Nevertheless, the WSR approach was chosen for the present work due to its simplicity
and flexibility for modeling a dual-fuel system.



Chapter 3

Gas Phase Modeling

This chapter will present the approach used to model the gas flow in this thesis’ work.
It provides the transport equations that were solved for the fluid motion, turbulence,
energy and species as well as a review of different combustion models.

3.1 Conservation Equations for CFD

Note that vector notation is used for all transport equations. Any vector quantity is
expressed in a bold font, such as the velocity vector u. Furthermore, a line over a
quantity denotes that it is Reynolds averaged. A Favré averaged quantity is denoted
with a tilde.

3.1.1 Conservation of Mass

Conservation of mass for compressible flow is expressed by the continuity equation:

∂ρ

∂t
+∇ · (ρũ) = ṠM (3.1)

where ṠM is a source term that accounts for evaporation from the liquid phase.

3.1.2 Conservation of Momentum

Conservation of momentum for a compressible fluid is expressed as

∂ρũ
∂t

+∇·(ρũũ) = −∇p+∇·[(µ+µt)(∇ũ+(∇ũ)T ]−∇·[23(µ+µt)∇ũ]+ρg+ṠI (3.2)

where ṠI is a source term that accounts for momentum transfer from the liquid phase.
Equations 3.1 and 3.2 are often together called the Navier-Stokes equations.

13
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3.1.3 Conservation of Energy
The conservation of energy is expressed as

∂ph̃

∂t
+∇ · (ρũh̃) = Dp

Dt
+∇ · ((α + αt)∇h̃) + ṠE + Q̇ (3.3)

where the contribution of viscous heating and changes in kinetic and potential energy
are neglected. The source term ṠE accounts for energy from the liquid phase. Q̇ is a
source term that accounts for energy due to a chemical reaction. Note that Equation
3.3 is expressed in sensible enthalpy. An alternative is to express Equation 3.3 as
total enthalpy, which would remove the source term Q̇ because total enthalpy is
conserved over a chemical reaction. Furthermore, α is the thermal diffusivity, which
is calculated from on the Prandtl number:

Pr = µ

ρα
(3.4)

3.1.4 Conservation of Species
The conservation of species is expressed as:

∂ρỸi
∂t

+∇ · (ρũỸi) = ∇ ·
((
ρDi + µt

Sct

)
∇Ỹi

)
+ Ω̇i + Ṡi,E (3.5)

where Ω̇i is a source term that accounts for the creation or destruction of a species
due to a chemical reaction and Ṡi,E is a source term that accounts for evaporation of
a fuel from the liquid phase. Di is the diffusivity and Sct is the turbulent Schmidt
number. The subscript i denotes different species included in the reaction.

3.2 Turbulence Modeling
At high Reynolds numbers, fluid flows become chaotic and the fluid velocity at
one point in space fluctuates around a mean value, seemingly at random. This
phenomenon is known as turbulence. The Reynolds number is defined as

Re = ρLu

µ
(3.6)

where L is a characteristic length for the system in question. It can be viewed as the
ratio of inertial to viscous forces inside a flowing fluid. Typically, most industrially
relevant systems are turbulent, including combustion engines. The Navier-Stokes
equations can fully describe a turbulent system, but in practice, this would require
that all scales of motion are resolved on a computational mesh. This is known as a
direct numerical simulation (DNS). However, resolving the smallest scales of motion is
not feasible for most practical applications as this would generate extremely long and
memory intensive computations. An alternative to DNS is to express the governing
equations of a fluid system in terms of ensemble averaged quantities instead of the
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instantaneous ones, then model the impact of turbulence on the mean quantities.
This process is commonly known as Reynolds averaging, where the instantaneous
velocity is decomposed into its mean value and a fluctuation:

u = u + u′ (3.7)

Decomposing the instantaneous velocity according to Equation 3.7, substituting and
then performing an ensemble average yields the Reynolds averaged Navier-Stokes
(RANS) equations. In this case, the momentum equation has an additional term,
Rij, that is not closed:

Rij = −ρu′
iu

′
j (3.8)

This term is known as the Reynolds stress and has to be modeled. The RANS
approach is typically used for incompressible flows. However, for a compressible
system, it produces more unclosed terms. Therefore, a Favré decomposition is used
instead for compressible flows:

u = ũ + u′′ (3.9)

ũ = ρu
ρ

(3.10)

Performing an ensemble average of the Navier-Stokes equation with a Favré decom-
posed velocity yields one unclosed term:

Rij = −ρũ′′
i u

′′
j (3.11)

The stresses in Equation 3.11 can be modeled by the Boussinesq hypothesis, which
states that the Reynolds stresses are proportional to the mean rates of deformation
[62]:

− ρũ′′
i u

′′
j = µt[∇ũ + (∇ũT )− 2

3∇ũ]− 2
3ρk (3.12)

Substituting Equation 3.12 into the Favré averaged Navier-Stokes equations results
in Equation 3.2. The turbulent viscosity µt is commonly modeled by using the k − ε
model by Launder and Spalding [31], with the eddy viscosity calculated as

µt = Cµρ
k2

ε
(3.13)

The quantities k and ε denote the turbulent kinetic energy and dissipation of
turbulence, respectively. To fully close the system, transport equations for these
quantities has to be formulated. For this work, an extended formulation of the k − ε
model for compressible flows by Tahry [58] was used.

3.3 Combustion Modeling
This section deals with closing the chemical source terms Q̇ and Ω̇i in Equations 3.3
and 3.5. In the WSR approach, the chemical source terms are computed directly
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from mean quantities, thus ignoring the impact of turbulence-chemistry interactions.
Since the timescale for chemical reactions is several orders of magnitude shorter than
the timescale for fluid flow, it would be unfeasible to solve the whole CFD system
with such a short time step. In the WSR approach, each individual computational
cell is treated as a closed homogeneous reactor. The evolution of chemical species in
each cell can then be integrated within the current time step using an ODE solver.
During the integration, the flow field is considered frozen in time. The updated
species composition can then be used to create a linearized source term for each
species:

Ω̇i = ρ(Yi,1 − Yi,0)
∆t (3.14)

where Yi,0 and Yi,1 are the mass fractions of species i before and after integration,
respectively. The energy source is given by

Q̇ =
nSpecies∑
i=1

h298,iρ(Yi,1 − Yi,0)
∆t (3.15)

where h298 is the chemical enthalpy at 298 K. The advantage of using the WSR
approach is that it is very flexible with respect to the combustion system and does
not impose any limitations on the amounts of fuels and sprays that are introduced
to the domain. It incorporates the effects of finite rate chemistry and is easy to
implement. One of the major downsides of the WSR approach is the computational
time: one ODE has to be solved for each chemical species for each computational
cell. This can quickly generate unfeasible computational times, and some form of
speed up process is necessary to make the solution efficient.

3.3.1 The Combustion Progress Variable Model (CPV)
model was developed and implemented into an external commercial library by
LOGE [34] and coupled to OpenFOAM as part of this work. It has previously
been successfully applied together with CONVERGE [38] and a 0-D stochastic
reactor model [37]. The CPV model assumes that the combustion progress can be
parameterized by the pressure, unburned temperature, equivalence ratio and EGR
rate. With an appropriately chosen progress variable, the thermochemical state can
be reconstructed. The chemical enthalpy h298 is used to define a progress variable C:

C(t) = h298 − h298,u

h298,min − h298,u
(3.16)

where h298,u is the chemical enthalpy of the unburned mixture and h298,min is the
chemical enthalpy of the fully reacted mixture.

A value of C(t) = 0 indicates an unburned mixture, whereas C(t) = 1 indicates a
fully burnt mixture. Using the parameters mentioned above together with the progress
variable, a table containing source terms for the progress variable, chemical species,
soot and NOx emissions can be computed using an adiabatic, constant pressure,
homogeneous reactor model for a given range of parameters and an appropriate



Chapter 3. Gas Phase Modeling 17

chemical mechanism. For dual-fuel combustion, two additional parameters are
included as dimensions in the table: the fraction of the first fuel and the fraction of
the first fuel used in the EGR definition. After the table has been constructed, the
source terms can be easily looked up based on the table parameters. This eliminates
the need to solve the chemistry during the CFD simulation and also eliminates the
need to solve transport equations for every species in the mechanism. Using this
approach, it is only necessary to track 14 species that are considered representative
for the thermodynamic state of the gas: O2, N2, CO2, H2O, CO, H2, C2H2, C2H4, H,
O, OH, N and NO. The progress variable C is not transported directly but is instead
calculated based on the mixture fraction Z and h298 [38]. Therefore, two additional
transport equations are solved by the CFD to compute C:

∂ρZ̃

∂t
+∇ · (ρũZ̃) = ∇(ρD∇Z̃) + ρṠM (3.17)

∂ρh̃298

∂t
+∇ · (ρũh̃298) = ∇ · (ρD∇h̃298) + ρṠM,h298 + ρṠChem,hh298 (3.18)

where ṠM and ṠM,h298 are source terms arising due to fuel injection, and ṠChem,hh298

is a source term due to chemical reaction, taken from the CPV table.





Chapter 4

Spray Modeling Approach

This chapter introduces the methodology used to model the liquid spray formation
in this thesis’ work.

4.1 Eulerian-Lagrangian Approach
The Eulerian-Lagrangian approach refers to a type of multi-phase modeling where
the continuous phase is described in a Eulerian frame of reference and the dispersed
phase is described in a Lagrangian frame of reference. A Eulerian frame of reference
uses a control volume that is fixed in space. The properties of the control volume can
change with time. In a Lagrangian frame of reference, the control volume changes
in time and moves with the flow field. A Eulerian frame of reference is suitable
for media that can be described as a continuum, whereas a Lagrangian frame of
reference is the natural way to describe discrete particles. Sprays are commonly
modeled using the Eulerian-Lagrangian approach.

4.2 Stochastic Blob & Bubble Model
In this work, the stochastic blob & bubble model (VSB2) was used to model the spray
development and formation. This model has previously been used to successfully
model the formation of diesel sprays in both OpenFOAM and STAR-CD[17, 28,
29]. The main difference between this model and other Eulerian-Lagrangian spray
models is that instead of each Lagrangian parcel representing a collection of identical
droplets, the model defines the concept of an irregular blob representing a collection
of different droplet sizes. This difference is illustrated schematically in Figure 4.1.
The model has been designed to use a minimum number of tuning parameters and
can be implemented in any CFD code that features particle tracking.

4.2.1 VSB2 Primary Breakup: Blob injection
The impact of primary breakup on the spray in VSB2 is modeled in a simple way
using the concept of blob injection. In blob injection, no model is used for primary

19
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(a) Traditional Spray Model
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Lagrangian Blob

Droplets
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Figure 4.1: Illustration of the difference between VSB2 and traditional Eulerian-
Lagrangian spray models

breakup. Instead, the computational blobs are injected into the domain with the
same diameter as the injector nozzle.

4.2.2 VSB2 Secondary Breakup: Distribution Function

The impact of secondary breakup on the spray in VSB2 is modeled by a distribution
function. The distribution of droplet sizes inside each Lagrangian blob is governed
by a one-parameter, power-law cumulative distribution function:

DNorm = M f
Norm, MNorm ∈ [0, 1], f > 0 (4.1)

where DNorm is the droplet diameter normalized by the largest droplet size, DBlob.
The maximum droplet size can be calculated each time step by first allowing the
unstable droplets to change according to the rate equation by Reitz and Diwakar
[51]:

dDBlob

dt
= −DBlob −Ds

τBreakup
(4.2)

By integrating Equation 4.2 over a computational time step, the updated blob size,
D′

Blob can be calculated. This represents the new maximum droplet size one time
step later. Ds is the stable droplet diameter at the local conditions and τBreakup is
the breakup time, which is obtained from the breakup rate correlations by Pilch and
Erdman [44]. The stable droplet diameter can be calculated based on the critical
Weber number:

Ds = WeCrσ
ρgU2

Rel
(4.3)
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The critical Weber number can be obtained from the following correlation with the
Ohnesorge number by Pilch and Erdman [44]:

WeCr = 12(1 + 1.077Oh1.6) (4.4)

The Ohnsorge number relates viscous forces to inertial and surface tension forces,
and is defined as:

Oh =
√
We
Re (4.5)

The power law coefficient f in Equation 4.1 can be calculated from the values of Ds

and ms, which are first normalized by the maximum droplet size and the mass of
the entire blob:

Ds,Norm = Ds

DBlob
(4.6)

Ms,Norm = ms

mBlob
= D3

Blob −D′3
Blob

D3
Blob

= 1−
(
D′

Blob
DBlob

)3

(4.7)

Where the stripped off mass ms is given by:

ms = ρl
π

6
(
D3

Blob −D′3
Blob

)
(4.8)

The power law coefficient can then be calculated by evaluating Equation 4.1 at
Ds,Norm and Ms,Norm:

f = log(Ds,Norm)
log(Ms,Norm) =

log
(

Ds

DBlob

)
log

[
1−

(
D′

Blob
DBlob

)3] (4.9)

With Equation 4.1 being fully defined, we now have a distribution function for
each Lagrangian blob. The shape of the function depends on the local breakup
conditions and is parameterized by the breakup time and the critical Weber number.
Examples of different possible shapes of the CDF are shown in figure 4.2, with three
different lines representing strong breakup (generating many small droplets), weak
breakup (generating fewer larger droplets) and an intermediate case between the two.
Furthermore, in this work, the CDF was split into 10 different droplet mass intervals
(figure 4.2). The first interval was defined by the stable droplet diameter and the
stripped off mass. The remaining 9 intervals were split equally between the stripped
off mass and the maximum droplet mass. A droplet size was sampled randomly in
each interval, and the sampled droplet sizes were chosen to interact with the gas
phase.

4.2.3 Gas Phase Coupling
Coupling between the liquid and gas phase was achieved through source terms on
the transport equations for mass, energy and momentum, as described in Chapter
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Figure 4.2: Examples of CDF shapes for different break up conditions

3. The transfer of mass and energy from the liquid to the gas phase was achieved
through relaxation equations:

dmEvap,i,j

dt
= mEq,j −mblob,i,j

τm,i,j
(4.10)

dTBlob
dt

=
nBlob∑
i=1

TEq − Tblob
τT,i

(4.11)

The relaxation equations were solved for each droplet size, and the total contribution
was summed to give the final change in mass and energy. Note that the subscript i
denotes a different droplet size interval, whereas the subscript j denotes different
fuel components in a multi-component fuel blend. In contrast to gradient based
mass and heat transfer models, the relaxation equations prevent over- and under-
shoots in the transfer of mass and energy to the gas phase because the calculated
equilibrium mass mEq,j and temperature TEq give a theoretical maximum change
based on phase-equilibrium thermodynamics. The relevant relaxation times were
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obtained from dimensional analysis [24]:

τm,i,j =
ρlD

2
Blob,iRTf

6PDjSh
(4.12)

where Tf is the liquid film temperature, Dj is the diffusion coefficient and Sh is the
Sherwood number.

τT,i =
ρl, D

2
Blob,iCp,blob

6λfZNu
(4.13)

where λ is the thermal conductivity of the liquid film, fZ is a correction factor that
accounts for the influence of mass transfer on the heat transfer coefficient by El Wakil
et al. [12] and Nu is the Nusselt number. The Nusselt and Sheerwood numbers were
calculated from the correlations by Ranz and Marshall [49]:

Sh = 2 + 0.6Re1/2Sc1/3 (4.14)
Nu = 2 + 0.6Re1/2Pr1/3 (4.15)

The equilibrium mass was calculated using an iterative solution procedure where
small amounts of mass were evaporated until the gas reaches saturation. Alternatively
the thermodynamic equations can be solved as a coupled system using a non-linear
equation solver. This is necessary for cases where the liquid consists of multiple
components.

The transfer of momentum to the gas phase was handled in a more traditional
way with a force balance over the gas liquid interface:

mBlob
dUBlob

dt
=

nBlob∑
i=1

π

8D
2
i ρgCD|Ug − UBlob|(U ′

g − U ′
Blob) (4.16)

where the U ′
g and U ′

Blob denote the velocity of the gas and blob, respectively, at the
next time step. Note that drag was the only interface force considered as all other
interface forces were considered negligible compared to drag. The drag coefficient
CD was given by the following correlation by Schmehl et al. [53]:

CD = 0.28 + 21
Rei

+ 6√
Rei

+ We(0.2319− 0.1579 log(Rei)

+0.0471 log2(Rei) − 0.0042 log3(Rei)) Rei < 2000 (4.17)
CD = 0.424 Rei ≥ 2000 (4.18)

The contribution of each droplet size was calculated and summed to give the total
momentum of the blob.

4.2.4 Child Blobs From Stripped off Droplets
A problem with the approach that was described in the previous section arises when
the momentum coupling with the gas phase was calculated. The blobs contain
a distribution of different droplet sizes that contribute to the mass, energy and
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(a) Old Method

(b) New Method

Figure 4.3: Illustration of the improved break up treatment

momentum exchange with the gas phase. However, when the computational blobs
are advanced during the simulation all droplet sizes will have the same properties as
the computational blob. This is strictly speaking not accurate, and a consequence
of this was that smaller stable droplets will have the same momentum as the larger
unstable droplets. As part of the work in this thesis, an extension to the breakup
treatment was proposed were the stable droplets inside each computational blob
are used to create a child blob, containing only stable droplets. The procedure is
illustrated in 4.3. The methodology was evaluated in papers 2 and 3.

4.3 Bubble Definition
As shown in Figure 4.1, the model featured the concept of a bubble. The bubble
imposes a limit on the amount of gas mass that the liquid phase could interact with.
This can reduce the grid dependency on coarser grids. The volume of the bubble
was defined as:

VBubble = NDρg
π

4D
2
Bldiff (4.19)
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where ND is the initial number of droplets in the blob, DB is the gross droplet size
based on the mass of the blob. The size of the bubble was further governed based on
the local turbulent diffusion length scale:

ldiff =
√
µt
ρg
dts (4.20)

Where dtS is the sub-cycle time step. It should be noted that the maximum possible
bubble size was limited to the grid size. Thus, for most of the work presented in this
thesis, the computational cells were used instead of the bubble due to the fine cell
sizes used.





Chapter 5

Summary of Results

This chapter summarizes the results presented in the papers appended to this thesis.
The focus is on Papers 1, 2 and 5, where the author of this thesis was the main
contributor. However, Papers 3 and 4 will also be briefly summarized. All simulations
were made using OpenFOAM-2.2.x [63].

5.1 Paper 1:

This paper explored and validated the performance of the VSB2 spray model together
with ethanol. Several different mesh sizes and turbulence parameters were considered
to evaluate the performance of the model and tune the turbulence parameters.

5.1.1 Case Summary

Data from the Chalmers high-pressure, high-temperature spray chamber were used to
validate the VSB2 spray model for use with alcohol sprays and to tune the turbulence
parameters. Two experimental conditions were considered, which are summarized in
Table 5.1. The spray chamber was represented as a cylinder, and simulations were
conducted on two different grids, shown in Figure 5.1. The coarse grid consisted of
224 750 cells, whereas the fine grid consisted of 1 190 100 cells.

Table 5.1: Ambient conditions for Chalmers HP/HT spray chamber

Case 1 Case 2
Ambient Temperature (o C) 550 425
Ambient Pressure (bar) 60 54
Gas Density (kg/m3) 25.4 27
Injection Pressure (bar) 1000 1000
Injection Duration (µs) 1500 1500

27
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Figure 5.1: The two grids (fine and coarse) used to study the ethanol spray.

5.1.2 Mesh Dependency

The coarse grid had an edge size of 0.5 mm in the center, whereas the fine mesh
had an edge size of 0.25 mm. The effects of the grid size on the liquid and vapor
penetration lengths are shown in Figure 5.2. It was found that there was virtually
no difference in the stable liquid penetration length between the two meshes, but
there was a small difference in the initial transient phase. This can be explained
by a greater effect of numerical diffusion on the vapor field upstream close to the
injector, where the size of the vapor field is much smaller in the radial direction.

5.1.3 Tuning the Turbulence Parameters

The model was first tested with the standard values for the k − ε model, which are
presented in Table 5.2. The results for case A are shown in Figure 5.3. It can be
seen that the liquid penetration was predicted well by the standard coefficients, but
the vapor penetration was under-predicted. The inability to predict the formation of
a round jet is a well-known limitation of the k − ε model. An attempt was made to
tune the spray model by increasing C1 to 1.55 and letting σε vary with C1 according
to R. [47]. The tuned k− ε coefficients are shown in Table 5.3. The results are shown
in Fgure 5.4, which show that tuning the coefficients resulted in better agreement for
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Figure 5.2: Comparison of spray penetration for a fine and coarse mesh.

the vapor penetration. Values of 1.55-1.6 for C1 are consistent with other studies in
the literature [59, 14].

Table 5.2: Standard Coefficients of the k − ε model.

C1 C2 C3 Cµ σε σk
1.44 1.92 -0.33 0.09 1.257 1

Table 5.3: Tuned Coefficients of the k − ε model.

C1 C2 C3 Cµ σε σk
1.55 1.92 -0.33 0.09 1.529 1

5.1.4 Influence of fixing the length scale in the injector cell
The influence of fixing the turbulent length scale in the injector cell was also
investigated. The turbulent length scale was fixed to 10 % of the injector nozzle
diameter. This was done to impose a boundary condition on turbulence in the
injection cell. The length scale was fixed by selecting the value of ε in the injection
cell. The results of this is shown in figure 5.5. The results are presented in Figure 6.4,
which shows that without fixing the turbulent length scale, the liquid penetration
was over-predicted. A similar observation was made by Kösters and Karlsson [28] for
diesel sprays.
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Figure 5.3: Spray penetration of the ethanol spray using the VSB2 spray model
with standard coefficients in the turbulence model.

Figure 5.4: Spray penetration of the ethanol spray using the VSB2 spray model
with tuned coefficients in the turbulence model.
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Figure 5.5: Spray penetration of the ethanol spray using the VSB2 spray model
with or without fixing the turbulent length scale in the injector cell.

5.1.5 Paper 1 Conclusions

For the study in paper 1, it was concluded that the VSB2 model can accurately
model the spray penetration of ethanol. Furthermore, tuning the constants of the
k− ε model gave better agreement with the experimental data. It was also concluded
that it is necessary to fix the turbulent length scale in the injector cell for accurate
prediction of the liquid penetration. In addition to the results presented here, we also
examined the influence of initial turbulence and changing from the standard k − ε
model to the realizable k − ε by Shih et al. [56]. It was concluded that varying the
initial turbulence by an order of magnitude did not change the prediction of spray
penetration in any significant way. Switching to the realizable model resulted in
worse agreement with experimental data but slightly better prediction of the initial
transience in liquid penetration.

5.2 Paper 2
In chapter 4, a shortcoming of how the VSB2 model handles the blob momentum
was introduced. A possible remedy to the issue was presented in the form of creating
child blobs based off the stable droplets in the blob at the local conditions. In the
study presented in paper 2, the proposed method was investigated by comparing the
old breakup treatment with the new one at two different experimental conditions.
The hypothesis was that by more accurately representing the momentum of the
stable droplets, the evaporation and dispersion characteristics of the spray would be



32 5.2. Paper 2

Table 5.4: Ambient conditions for the ECN Spray A cases

Case A Case B
Ambient Temperature (K) 900 700
Ambient Pressure (bar) 60.5 46
Gas Density kg/m3 22.9 22.9

Figure 5.6: Computational mesh used in the ECN Spray A cases

better predicted by the model. The main objective of this study was to asses the
impact of the new breakup treatment on spray parameters such as liquid- and vapor
penetration, evaporation rate and vapor dispersion.

5.2.1 Case Summary
Data from the Engine Combustion Network (ECN)[13] were used to validate the
improved breakup treatment developed for the VSB2 spray model. The ECN Spray
A refers to a n-dodecane spray that is injected into a spray chamber under diesel-
engine-like conditions. Two reference cases from the ECN database was chosen. The
two cases simulated are summarized in 5.4. The simulations were performed on a
very fine grid consisting of 3 294 060 cells 5.6.

5.2.2 Liquid Penetration
Figures 5.7 and 5.8show the liquid penetration for case A and B, respectively. The
new breakup treatment improved the prediction of the liquid penetration slightly
in case A and with a much more pronounced effect in case B. The reason for this
was likely the lower ambient temperature in case B. The new breakup treatment
generated a larger number of small Lagrangian blobs containing small stable droplets.
The small size of these droplets facilitates their evaporation. It is likely that due to
the higher ambient temperature in case A, the droplets evaporate anyway.

5.2.3 Vapor Penetration
Figures 5.9 and 5.10 show the vapor penetration for case A and B. It was found that
the new breakup treatment had virtually no effect on the prediction of the vapor
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Figure 5.7: Comparison of the liquid penetration between the new and the old
breakup treatment for case A

penetration.

5.2.4 Evaporation Rate

Figures 5.11 5.12 show the evaporation rate for both case A and B. It can be seen
that the evaporation rates for the old and new breakup treatments were very similar
for case A, but for case B, the evaporation rate of the spray was slightly higher for the
new breakup treatment. Thus introducing child blobs seem to enhance evaporation
in the low temperature case.

5.2.5 Radial Concentration

The effect on the radial concentration of fuel was also investigated. Figures 5.13 and
5.14 shows the radial concentration for case B at 8 mm and 11 mm downstream from
the injector. It can be seen that the dispersion of the vapor increased downstream
as a result of the new breakup treatment. This effect was likely due to the formation
of smaller blobs with stable droplets. The smaller droplets have a lower relative
velocity and are more easily dispersed by the bulk flow.
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Figure 5.8: Comparison of the liquid penetration between the new and the old
breakup treatment for case B

5.2.6 Paper 2 conclusions
In this paper the effect of creating child blobs from the stable droplets on the
characteristics of the spray was investigated. This addresses a fundamental flaw in
the model that was present previously. The study showed that the new breakup
treatment seem to enhance the evaporation and dispersion of the spray in the lower
temperature case, but it has a much smaller effect on the high temperature case.
Furthermore, the predicted liquid penetration agreed better with the experimental
data in the lower temperature case. It can be theorised that in the higher temperature
case, that the surrounding gas has enough energy that the enhanced evaporation
from the presence of smaller blobs is negligible. In addition to the results presented
here, turbulence levels were also studied. It was shown that the predicted maximum
turbulence levels were lower with the new breakup treatment. It was concluded that
this could be due to smoother velocity gradients created by the dispersed phase due
to the smaller blobs from the stripped off mass being more affected by drag forces.
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Figure 5.9: Comparison of the vapor penetration between the new and the old
break up treatment for Case A
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Figure 5.10: Comparison of the vapor penetration between the new and the old
break up treatment for Case B



36 5.2. Paper 2

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Time [ms]

0.4

0.5

0.6

0.7

0.8

0.9

1.0

R
at

e
of

E
va

po
ra

ti
on

New Breakup
Old Breakup

Figure 5.11: Comparison of the evaporation rate between the new and old breakup
treatments for case A
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Figure 5.12: Comparison of the evaporation rate between the new and old breakup
treatments for case B
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Figure 5.13: Radial concentration profile of n-dodecane in Case B 8mm downstream
from the injector.
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Figure 5.14: Radial concentration profile of n-dodecane in Case B 11mm down-
stream from the injector.
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5.3 Paper 3
Paper 3 presented a comprehensive study of the impact of resolving the injector orifice
and influence of created stripped off droplets. The author of this thesis contributed to
this work by developing the improved breakup treatment used to create the stripped
off droplets, which was a continuation of the development presented in Paper 2. In
this paper the effect of the new break up treatment on the droplet size was further
investigated by comparing the Sauter mean diameter (SMD) both with and without
the new breakup treatment. SMD is defined as:

SMD =

Npar∑
i=1

nblob∑
j=1

mjD
3
j

Npar∑
i=1

nblob∑
j=1

mjD2
j

(5.1)

where i refers to a computational blob and j refers to a specific size interval in the
droplet size distribution. Npar is the number of blobs in the system, nblob is the
number of droplet size intervals and Dj is the diameter of a given droplet size interval.
A comparison of the SMD between the new and old breakup treatments for the same
conditions as case A in paper 2 is shown in figure 5.15. It is shown that the SMD is
lower with the new break up treatment, showing that blobs have a larger surface
area per volume unit, and thus evaporates slightly faster. Figure 5.16 show a glyph
representation of the Lagrangian blobs, sized according to the blob mass. It can be
seen here that the stripped off case with the new breakup treatment produced a
lot more smaller blobs than the non-stripped off case. The study concluded that
the new breakup treatment produced a larger amount of Lagrangian blobs with a
smaller SMD than the old breakup treatment. I was also concluded that this had
very little effect on the spray penetration. However, only a high temperature case
at 900 K was considered. The results also confirmed the findings in Paper 2. The
impact of resolving the shape of the injector nozzle into 9 different computational
cells was also studied. It was concluded that the resolved nozzle mesh predicted
a liquid penetration close to experimental values. Also, the resolved nozzle mesh
predicted finer structures in the spray that were not seen in the unresolved case.
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Figure 5.15: Comparison of SMD between the old and new breakup treatment.

Figure 5.16: Glyph representation of spray at 0.1ms ASOI sized ac- cording to
blob mass
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5.4 Paper 4
Paper 4 presented a comprehensive experimental study of a direct-injection dual-fuel
engine operated with methanol and ethanol as a main fuel. The author of this thesis
contributed to this work by performing CFD simulations to identify where flame-wall
and flame-flame interactions occurred. They also performed injection rate meter
tests that were used to analyze the rate of heat release.

The experiments conducted in this study showed that the alcohol fuels significantly
outperformed diesel in all cases. The indicated thermal efficiency was increased by
up to 3.5 % and NOx emissions were reduced by up to 20 %. Furthermore, soot
emissions were decreased by a factor of 40 and were virtually non-existent in the
methanol tests.

A comprehensive analysis of the rate of heat release was presented for a mid-
load case at 1262 RPM and 172 Nm. Figure 5.17 shows the stoichiometric surface
of methanol colored by temperature. It indicates that the flame-wall interactions
started at approximately 2.9 CAD aTDC, and the flame-flame interactions started at
approximately 5.0 CAD aTDC. This matched the changes in the slope of the aRoHR,
indicating that such interactions occurred. Figure 5.17 also shows the measured
apparent rate of heat release compared to the measured injection rate of the main
fuel. It was found that the rise in rate of heat release corresponded to the rise in
injection rate, indicating that the ignition delay was very short. The bottom plot in
Figure 5.17 shows the trigger signals recorded by both the engine and injection rate
meter, indicating that the measured injection rate was comparable to the injection
rate in the actual engine.
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Figure 5.17: Top: CFD results showing flame-wall and flame flame interactions at
1262 RPM and 172 Nm. Middle Interpolated injection rates and aRoHR curves
for methanol with an injection duration of 1172 µs. Bottom: Injector trigger
signals recorded in the rate meter and the engine.

5.5 Paper 5
Paper 5 presents a CFD study of the same dual-fuel engine used in the work presented
in Paper 4. This study focused only on methanol and the objectives were to validate
the CFD model and study the ignition procedure. The LOGE-CPV model presented
in Chapter 3 was used to model the chemistry, and the VSB2 model was used to
model the spray formation of methanol and diesel.

5.5.1 Case Summary
The dual-fuel engine that was simulated was based on a Volvo D13 single-cylinder
research engine with a custom cylinder head to provide mounting options for a pilot
injector. The main injector was a Delphi F3 injector with an 8 hole 4.6 l/min nozzle.
For the pilot fuel, a Bosch CRI-12 light duty diesel injector with a 3 hole nozzle
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Figure 5.18: Piston bowl mesh used in the engine simulations.

positioned asymmetrically was used. The injection pressure was kept constant at
500 bar for the diesel pilot in all tests. The geometrical parameters of the engine are
summarized in Table 5.5.

Table 5.5: Single Cylinder Volvo D13 Geometrical Properties.

Property Value Unit
Engine Displacement 2.13 l
Bore 131 mm
Stroke 158 mm
Compression Ratio 16.7:1 –

5.5.2 Numerical Setup
In all the engine simulations, only the closed part of the engine cycle was considered.
This eliminated the need to model the intake and exhaust manifold. When conducting
CFD modeling of a direct-injection diesel engine, sector symmetry can normally be
assumed due to the center position of the injector. This symmetry was not valid in
the present work due to the presence of the pilot injector. Thus, it was necessary to
model the entire combustion chamber. For this purpose, a mesh consisting of 383
949 cells at TDC was used. The piston bowl mesh is shown in Figure 5.18. Due to
the motion of the piston in the engine, it was necessary to implement a moving mesh
procedure: the mesh motion technique known as mesh-layering from LibICE-2.2.x
implemented by Politecnico di Milano was used [35]. Three different speed-load
points and two EGR levels (0% and 20%) were considered. The engine operating
parameters are summarized in Table 5.6 for 0 % EGR and in Table 5.7 for 20 %
EGR. A proprietary multi-fuel chemical mechanism consisting of 386 species and
2343 reactions [3] was tabulated using the CPV model described in Chapter 3 and
used to compute the chemical source terms.
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Table 5.6: Engine initial and operating conditions for methanol cases

Case 1 Case 2 Case 3 Unit
Torque 86 172 285 Nm
Engine Speed 873 1262 1508 RPM
SOI Main Fuel -1.2 3.6 8.1 deg bTDC
SOI Pilot Fuel 3.9 9.6 14.7 deg bTDC
Mass of Injected Pilot Fuel 2.33 2.41 2.35 mg/stroke
Mass of Injected Main Fuel 136.71 246.41 389.90 mg/stroke
Injection Pressure Main Injector 1250 1250 1250 bar

Table 5.7: Engine initial and operating conditions for methanol cases with 20 %
EGR

Case 4 Case 5 Case 6 Unit
Torque 86 172 285 Nm
Engine Speed 871 1262 1508 RPM
SOI Main Fuel -0.8 4.5 9.14 deg bTDC
SOI Pilot Fuel 4.3 10.5 15.8 deg bTDC
Mass of Injected Pilot Fuel 2.33 2.41 2.35 mg/stroke
Mass of Injected Main Fuel 134.55 247.41 389.90 mg/stroke
Injection Pressure Main Injector 1250 1250 1250 bar

5.5.3 Injection Rate Meter Tests
In order to accurately predict the combustion, injection rate curves were measured for
the main fuel injector using methanol at different injection pressures and durations.
The measurements were made using the commercially available Loccioni Mexus 2.0
system. The measured injection rates at 1250 bar are shown in Figure 5.19.

5.5.4 Pressure and Rate of Heat Release
Figure 5.20 shows the experimentally measured in-cylinder pressure and rate of heat
release compared to simulated curves for a mid-load case. The predicted pressure
curve showed very good agreement to the measured one with the peak pressure
accurately predicted. A slight discrepancy was found in the initial pressure rise,
which was amplified in the predicted rate of heat release. This indicated a faster
burn rate, consistent with the limitations of the WSR approach [48, 9]. This was also
reflected by a shorter tail in the simulated heat release curve. Peaks were observed
in the rate of heat release curve at approximately 363 and 365 degrees, possibly due
to flame-wall and flame-flame interactions, as also discussed in Paper 4. Similar
observations were made when comparing low- and high-load cases to the experimental
heat release and pressure curve, with good prediction of the ignition delay and peak
pressure but faster burning in the simulated cases.

The effect of using EGR was also studied for all the measured speed-load points.
The pressure and heat release curves for a mid-load point with 20 % EGR compared
with experimental data are shown in Figure 5.21. The shapes of the heat release
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Figure 5.19: Measured injection rate at various durations for the main injector
using methanol at 1250 bar injection pressure

curves were very similar to those presented in Figure 5.20. As demonstrated in Paper
4, the experimental study concluded that EGR did not seem to have any impact on
the rate of heat release for methanol but had a large impact on emissions.

5.5.5 Emissions
The predicted indicated specific NOx was compared to the measured one for all
speed-load points with 0 and 20 % EGR. The results are shown in Figure 5.22. It
can be seen that ISNOx is poorly predicted in almost all cases, especially those with
EGR. The model predicted a reduction in ISNOx between 0 and 20 % EGR, but
it was not comparable to the reduction seen in the experiments. This was likely
due to the limitations of the WSR approach because the mean temperature in the
reaction zone which governs thermal NOx formation tends to be higher than in
models accounting for turbulence-chemistry interactions.

5.5.6 Flame Surface and Dual-Fuel Ignition
The ignition procedure in the direct-injection dual-fuel engine was studied further
at the speed-load point of 1262 RPM and 172 Nm. Figure 5.23 shows a series of
images of the iso-surface of the stoichiometric mixture fractions of methanol and
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Figure 5.20: Predicted in-cylinder pressure, rate of heat release and injection rate
compared to experimental values
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Figure 5.21: Predicted in-cylinder pressure, rate of heat release and injection rate
compared to experimental values with 20 % EGR.
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emissions
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Figure 5.23: Stoichiometric surface of diesel and methanol at different crank angles
colored by temperature for case 2.

diesel colored by temperature. The stoichiometric surface represents the hottest part
of the flame known as the reaction zone and can be used to track the evolution of a
flame in time. The pilot flame can be seen in the first picture at CAD = -2.7 deg
aTDC, shortly before the main fuel was injected. It can be seen that the pilot flame
was located very close to the center of the cylinder when the main fuel started to
be injected. The following picture in Figure 5.23 show the stoichiometric surface
just after the start of injection for methanol at CAD = -1.7 aTDC deg, Is showing
that the sprays located closest to the injector are ignited first. The next picture at
CAD = -1.2 deg aTDC shows that shortly after the sprays closest to the injector
are ignited, there is enough heat close to the injector to ignite the remaining sprays
simultaneously. In the following pictures at CAD = -0.8, 0.2 and 1.8 deg aTDC,
all sprays have been fully ignited. The last three pictures at CAD = 2.8, 3.8 and
5.4 aTDC depict the flame-wall and flame-flame interactions. These results suggest
that the ignition of the dual-fuel system is very stable provided there is enough heat
from the pilot flame close to the methanol injector when the injection starts. This
indicates that the choice of injection strategy and placement of the pilot injector
in relation to the main injector are important determinants of whether the system
remains stable. If the pilot flame is too far away from the methanol injector when
the injection starts, the closest sprays may be ignited before the sprays opposite
to the pilot injector. This would allow the methanol to mix with air for a longer
time, giving the combustion a more premixed nature and making it more difficult to
control.
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Figure 5.24: Predicted in-cylinder pressure, rate of heat release with increased
pilot offset

5.5.7 Influence of Offsetting the Pilot

The influence of increasing the offset of the pilot injector relative to the main injector
was also investigated. This was done to see if the stability of the ignition would be
retained if the travel distance of the pilot spray to the centre would increase. The
offset was increased from 22 mm to 40 mm from the centre, placing it almost at the
edge of the combustion chamber. Figure 5.24 show the pressure trace and rate of
heat release for the offset pilot case at the same conditions as case 2 (172 Nm, 1262
RPM). Compared to Figure 5.20, the main fuel seem to ignite later in the offset
pilot case. Furthermore, a large peak can be seen in the early stages of the rate of
heat release, suggesting that combustion occurs in a more premixed mode. Figure
5.25 show the ignition process in the offset pilot case in a similar manner to Figure
5.23. The first image at CAD = -1 deg aTDC show that the pilot flame has not yet
reached the center of the combustion chamber when the main fuel starts to inject.
At CAD = 1 deg aTDC, the two sprays closest to the pilot has ignited, but the
remaining ones are not yet burning. At CAD = 3 deg aTDC, all sprays have reached
the wall but only two are burning. At CAD = 5 deg aTDC all sprays are ignited,
which also corresponds to the large peak in the rate of heat release seen in Figure
5.24. This suggests that the placement of the pilot injector as well as the injection
timing is very important to retain control and stability of the combustion process.

5.5.8 Paper 5 conclusions

Paper 5 presents a comparison between CFD and experiments for a methanol-diesel
direct-injection dual-fuel system. It was concluded that the WSR model could predict
global parameters, such as the in-cylinder pressure and rate of heat release, very well
for all the considered speed-load points with 0 or 20 % EGR. The predicted ISCO2
and ISNOx were also compared with experimental data. The ISCO2 was predicted
well, but the model failed to accurately predict NOx formation in almost all cases,
especially in the presence of EGR. Therefore, for accurate predictions of emissions,
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Figure 5.25: Stoichiometric surface of diesel and methanol at different crank angles
colored by temperature for the offset pilot case.

a mode and regime independent turbulent combustion model should be used. The
ignition process was also studied and shown to be very stable provided the hot gases
from the pilot flame were in the vicinity of the main injector.



Chapter 6

Conclusions and Outlook

In Chapter 1, several research questions were set out for this thesis. Answers to
these questions are discussed in this chapter. Furthermore, suggestions are made for
future studies.

6.1 Conclusions and Answers to Research Ques-
tions

• What is the influence of creating new child blobs from the stable
droplets in the VSB2 spray model? The existing breakup formulation
in the VSB2 model was extended and the impact of creating child blobs was
studied. It was concluded that the improved breakup treatment yielded better
predictions of spray penetration at the low temperature case at 700 K, whereas
in the high temperature case at 900 K it had virtually no impact. At high
temperatures, there is enough energy available for evaporation that creating
new blobs with stable droplets does not affect the rate of evaporation or liquid
penetration.

• Is it possible to model the formation of an alcohol spray using the
VSB2 spray model without any conceptual changes to the model?
The model was originally formulated with diesel sprays in mind. It was
concluded that the model could accurately predict the penetration of an alcohol
spray if the turbulence parameters were tuned appropriately and the turbulent
length scale was fixed in the injector cell.

• What does the combustion process look like inside a direct-injection
dual-fuel engine? The ignition and combustion process inside a diesel-
methanol direct-injection dual-fuel engine was studied using CFD. In the
engine configuration studied, the combustion process was shown to be very
stable and the combustion occurred almost completely in the non-premixed
mode with almost no ignition delay. The CFD studies showed that the diesel
flame was located almost directly under the main injector and the methanol
was injected directly into a cloud of hot gases. Increasing the distance from

49
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the pilot injector to the main injector increased the premixed characteristics of
the combustion.

• Can we model the combustion process inside a direct-injection dual-
fuel engine using a simplified model that does not account for turbulence-
chemistry interactions? Turbulence-chemistry interactions have been demon-
strated in the literature to play an important role in the structure of turbulent
flames. In this thesis, it was demonstrated that not accounting for turbulence
chemistry interactions in a dual-fuel system can still yield good predictions of
the global parameters, such as the in-cylinder pressure and rate of heat release.
However, it was also found that the predictions of pollutant formation were
not accurate and that a turbulent combustion model is most likely necessary
for accurate prediction of the formation of these pollutants.

6.2 Outlook & Further Studies

For further studies with the VSB2 spray model, it would be interesting to
further investigate the improved breakup treatment. It would be possible to
expand the concept by creating child blobs from all the droplet sizes in the
size distribution. It should also be investigated if 10 different size interval
is optimal, as this was chosen arbitrarily. Furthermore, it would also be of
interest to couple VSB2 to a primary breakup model and investigate how that
affect the model. Finally, it would be interesting to propose an alternative
droplet size distribution function and investigate how that affect the droplet
size distribution predicted by the model.
For the engine simulations, it would be interesting to compare the WSR results
presented in this thesis with results computed using a turbulent combustion
model, such as the transported PDF model. The expectation is that this would
greatly improve the prediction of pollutant formation. If a transported PDF
model would be coupled to the tabulated chemistry approach used in this work,
there is great potential to reduce the calculation time of a very computationally
demanding model such as the transported PDF model. Furthermore, it would
be interesting to study more parametric variations of the engine hardware, such
as different nozzle sizes or piston shapes. The current hardware concept seems
to run very stable, but it has not been optimized. There is potential for even
greater performance if a proper engine optimization was done together with
CFD.
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